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Molecular  electronic  plasmonics  (MEP)  is  an  area  of  research  that  utilizes  the  electronic  properties  of
molecules  to  control  and  modulate  surface  plasmons  and  holds  the  potential  to  develop  on-chip  inte-
grated  molecular-plasmonic  devices  for information  processing  and  computing.  Combining  molecular
electronics  with  plasmonics  gives  the  opportunity  to study  both  charge  transport  in molecular  elec-
tronic  devices  and  plasmonics  in  the  quantum  regime.  Here,  we  review  the  recent  progress  in molecularolecular tunnel junctions
uantum plasmonics
harge transfer plasmons
lasmon excitation and detection
lasmon assisted tunneling
electronic  plasmonics  and  mainly  focus  on the  areas  of  quantum  plasmonics,  and plasmon  excitation
and  detection.  This review  also identiﬁes  challenges  that need  to be resolved  to drive  this  ﬁeld  forward
including  improving  models  aimed  to advance  our  understanding  of  electron-plasmon  interactions  in
the quantum  tunneling  regime.  Future  progresses  can  be  expected  towards  incorporating  functional
molecules  to  actively  control  MEP  devices  and  integration  of  MEPs  with  other  circuit  components.
© 2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).
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. Molecular electronics and surface plasmons
Nano-electronic circuits provide the ability to control charge
ransport at the nanoscale but data processing and transportation
wavelength of light requires optical components to be too large
to compete in size with modern day nanoelectronics [2–5]. With
the ability of subwavelength conﬁnement and large bandwidthpeeds are limited at their GHz bandwidths [1–3]. Photonic ele-
ents can carry information with a capacity exceeding 1000 times
> THz) that of electronic components, however the relatively large
∗ Corresponding author at: Department of Chemistry, National University of
ingapore, 3 Science Drive 3, 117543, Singapore.
E-mail address: christian.nijhuis@nus.edu.sg (C.A. Nijhuis).
ttp://dx.doi.org/10.1016/j.apmt.2016.03.001
352-9407/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article u(>100 THz), surface plasmon polaritons (SPPs) in metallic nanos-
tructures have the potential to be integrated with nano-electronic
circuits resulting in a true hybrid of optics and electronics at the
nanoscale [2–7].Molecular electronics utilizes single molecules or self-
assembled monolayers (SAMs) as electronic components in
molecular junctions consisting of 2 or 3 electrodes [8–17]. The
mechanism of charge transport across such molecular junctions is
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Operation principles of three different types of molecular electronic plasmonic (MEP) devices. (a) Molecular electronics applied in quantum plasmonics. An incident
light  induces a tunnel current in the SAM-bridged plasmonic dimer that excites quantum plasmon resonances (QPR). (b) Molecular electronics applied in plasmon excitation.
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1n  applied bias (V) induces a tunneling current in the molecular tunnel junction th
lasmon detection. The light induced tunneling current increases the current of the 
d)  and aliphatic (e) molecules as the tunneling barrier. The aliphatic molecules hav
uantum mechanical tunneling, and thus metal–molecule–metal
unctions are often called molecular tunnel junctions (MTJs) or
AM-based tunnel junctions (STJs). Recent experiments in MTJs
nd STJs have advanced our understanding of the mechanisms of
harge transport across such junctions signiﬁcantly and lead to
xperimental demonstrations of conductance switching [18–21],
ectiﬁcation of currents [17,22–27], quantum interference [28–31],
egative differential conductance [32–34], magneto resistance
35–39], or optoelectronics [40–45].
Surface plasmon polaritons (SPPs) are collective oscillations of
lectrons at the metal–dielectric interface [6]. Surface plasmons
re able to the conﬁne light beyond the diffraction limit [7] at
he nanoscale to form localized surface plasmons (LSPs) [46–50]
nd propagating SPPs [51–56]. Beneﬁtting from the strong ﬁeld
nhancement at the surfaces of metallic structures, surface plas-
ons are suitable for sensing at the single molecule level [57–64].
esides sensing, SPPs are also promising in other areas including
ub-diffraction imaging [65–70], energy harvesting [71–76], non-
inear optics [77–82], and nano-optoelectronics [83–87]. To further
romote local ﬁeld enhancement, plasmonic resonators have been
laced in close proximity with each other down to a few nanome-
ers [88–102] and reach the quantum mechanical tunneling regime
89,91,93–97,101,102], i.e., the regime where charges can tunnel
etween the two plasmonic structures. This regime is also the
ength scale where molecular electronics operates and thus it seems
 natural choice to study the relation between plasmons and molec-
lar electronics.
Here, we review the recent developments and progresses of
olecular electronic plasmonics (MEP). Fig. 1 shows that in prin-
iple three types of MEP  devices can be identiﬁed. Although this
gure depicts the electrodes as spherical plasmonic resonators, one
r both electrodes can also be planar macroscopic electrodes.. Molecular electronics applied in quantum plasmonics (Fig. 1a).
Two closely spaced plasmonic resonators are bridged by a SAMites plasmon emission in the plasmonic dimer. (c) Molecular electronics applied in
ular tunnel junction. Energy-level diagrams of tunneling junctions with conjugated
er HOMO–LUMO gaps and barrier heights ϕ than conjugated molecules.
onto which plasmons are excited by incident light or by an elec-
tron beam. The plasmons induce an electric ﬁeld in the gap which
drives quantum mechanical tunneling between the two res-
onators resulting in quantum plasmon resonances (QPRs) such
as the so-called charge transfer plasmon (CTP) modes [103–112].
2. Molecular electronics applied in plasmon excitation (Fig. 1b).
These molecular electronic junctions are based on two  electrodes
of which at least one supports plasmons separated by a SAM or
even a single molecule. An applied bias across the gap induces
tunneling between the electrodes which result in the excitation
of plasmons either by direct tunneling or via electrolumines-
cence from the molecules inside the junctions.
3. Molecular electronics applied in plasmon detection (Fig. 1c). The
same junction shown in Fig. 1b can also be used to detect plas-
mons. Here, plasmons are excited in the junction via an external
light source. These plasmons couple to the tunneling charge
carriers and increase the tunneling current across the junction
making it possible to detect plasmons.
A simpliﬁed form of the Simmons equation (Eq. (1)) [113] is
commonly used to approximate molecular tunnel junctions and
shows how the tunneling rate J (A/cm2) relates to the tunneling
barrier width d (in nm)  and height ϕ (in eV).
J = J0e−ˇdwith  ˇ = 2
√
2meϕ
2
(1)
Here,  ˇ (Å−1) is the tunneling decay coefﬁcient, J0 is pre-
exponential factor (A/cm2), me is the effective mass of an electron
(in kg), and   is the reduced Planck’s constant. The value of  ˇ deter-
mines how quickly the measured value of J decays as a function
of d and depends on the molecules inside the junctions which
determine both the values of d and ϕ. In molecular electron-
ics it is well-known that conjugated molecules have relatively
small HOMO–LUMO gaps (HOMO = highest occupied molecular
orbital, LUMO = lowest unoccupied molecular orbital) resulting in
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Fig. 2. Quantum plasmon theories. (a) Schematics of the dielectrics in volume-based QCM (left) and boundary-element-based QCM (right). Adapted with permission from Ref.
[112]. Copyright 2015 American Physical Society (APS). (b) General behaviours of the classical local, classical non-local and QCM methods for plasmonic dimers. Adapted with
permission from Ref. [110]. Copyright 2015 the Royal Society of Chemistry (RSC). (c,d) Optical response of a Au nanosphere dimer calculated by CEM and QCM, respectively.
Adapted with permission from Ref. [106]. Copyright 2012 Nature. Publishing Group (NPG). (e) Gap conductivity modulated CTP mode in a Au bowtie dimer. Adapted with
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lasmons.
ow tunneling barrier heights as schematically indicated in Fig. 1d.
ecause of the shallow tunneling barrier, the value of  ˇ is low
0.1–0.3 Å−1 [10,12,114]) and coherent tunneling may  be observed
ver large distances of up to 4–5 nm [8–10,115–119]. In contrast,
liphatic molecules have relatively large HOMO–LUMO gaps of
–9 eV resulting in large tunneling barrier heights (Fig. 1e) and
 values of 0.8–0.9 Å−1. Consequently, the tunneling rates across
hese junctions are smaller than across junctions with conjugated
olecules of equivalent length [11,114,120]. Likewise, tunneling
hough vacuum is inefﬁcient (  ˇ = 2.9 Å−1 [11,120]) and tunneling
henomena can be ignored in plasmonics systems involving dis-
ance larger than 1 nm [106,110]. For these reasons, molecular
unnel junctions [8–45] are interesting candidates for applications
n MEP.
. Molecular electronics applied in quantum plasmonics
Quantum plasmonics studies the interaction between light
ith quantum properties (e.g., single photon sources) and mat-
er supporting plasmons [121–125]. Recently, quantum plasmonics
lso studies plasmon modes induced by non-local [126–135] or
uantum mechanical tunneling phenomena [103–112] between
ear-touching (e.g., gap < 5 nm)  plasmonic dimers. Plasmonic
imers have attracted intense interest because of the enhanced
eld enhancements due to coupled plasmons in the dimer junc-
ions, leading to surface enhanced spectroscopies enabling single
olecule detection [88–102]. Classical calculations predict that
arge charge densities can be induced at the opposite sides of a
lasmonic dimer with a small gap, leading to large ﬁeld enhance-
ents at the gap and strongly red-shifted bonding dimer plasmon
BDP) resonances [126,127]. However, these classic calculations
o not take non-local effects (the spill out of the electron charge
istribution) and possible electron tunneling across the plasmonic
imer into account. The nonlocal dielectric response and tunnel-
ng effects cause a blue-shift (or less pronounced red-shift) of the
DP resonances and reduce ﬁeld enhancements relative to clas-
ical local calculations [103–112,126–135]. Electrons tunneling at
ubnanometer gaps at sufﬁciently high ﬁeld strengths will lead to
 new resonance mode, the charge-transfer plasmon (CTP) mode
103–112].rphology modulated CTP mode in a Au bar dimer. Both spherical-gap and ﬂat-gap
onding dimer plasmon, CTP = charge transfer plasmon, LAP = longitudinal antenna
2.1. Quantum plasmon theory
Most theoretical investigations of plasmon resonances use clas-
sical electromagnetic models (CEM) which are based on Maxwell’s
equations with a frequency-dependent local dielectric function
ε() for each part of the nanostructure [126,127]. The CEM model
uses a classical local approach, i.e., ε() at the interface between dif-
ferent materials changes abruptly and is valid for most plasmonic
systems with large values of d of > 5 nm [110].
When d reduces to the nanometer or even sub-nanometer scale
the electron density spill-out or the possible inter-structure elec-
tron tunneling cannot be ignored and the local dielectric function
ε() will not change abruptly at the interface [128–135]. Thus, a
full quantum mechanical treatment of such plasmonic system is
required. However, because of the large number of atoms (e.g., a
20 nm gold sphere consists of ∼25000 atoms) involved in typical
plasmonic systems, it is currently not possible to address this prob-
lem with ﬁrst-principle methods [128,131]. Instead, such systems
have been modelled with a classical non-local model [128–135]
pioneered by Pendry, Maier, and García de Abajo et al. or the
quantum corrected model (QCM) developed by Aizpurua, Nord-
lander, and Borisov et al. [103–112]. In the classical non-local
calculations, the metal response is described using the hydrody-
namic non-local approach but without considering charge transfer
across the dimers [110]. While in the QCM calculations, the metal
is described using a classical local dielectric constant and tak-
ing electron tunneling across the dimer gap into account [110].
Based on the way to describe the electron tunneling process, the
QCM model has been further classiﬁed into volume-based QCM
[103–110] which uses artiﬁcial dielectric materials in the whole
gap and boundary-element-based QCM [112] which uses nonlocal
boundary conditions only at the surfaces of the dimer gap (Fig. 2a).
Fig. 2b shows the general results of the classical local, classi-
cal non-local, and QCM models, for plasmonic dimers separated by
vacuum [110]. In the local regime (d > 5 nm), all these methods give
the same result. In the non-local regime (0.3 nm < d < 5 nm), both
the classical non-local and the QCM methods give similar results
and predict the BDP modes red-shift less than predicted by local
method. In the quantum mechanical tunneling regime (d < 0.3 nm),
QCM predict CTP modes at d ≈ 0.3 nm where tunneling happens
and the spectra blue shift as d decreases. The classical local and
76 T. Wang, C.A. Nijhuis / Applied Materials Today 3 (2016) 73–86
Fig. 3. Quantum plasmonics with an air/vacuum tunneling barrier. (a) Plasmonic resonances of near-touching Au bowtie antennas. Here, 1 = bright dipole mode; 2 = dark dipole
mode;  3 = CTP mode; 4 = the combination of dark dipole mode and bright dipole mode; 5 = bright quadrupole mode. Adapted with permission from Ref. [136]. Copyright 2012
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odes; D, E = CTP modes. Adapted with permission from Ref. [137]. Copyright 2012
ermission from Ref. [138]. Copyright 2013 ACS. (For interpretation of the referenc
lassical non-local methods only observe CTP modes for d ≤ 0 nm
i.e., touching dimers), here the CTP mode is supported by conduc-
ion through the metal contact and not tunneling. In addition to
lue-shifted extinction spectra, QCM also predicts a decreased ﬁeld
nhancement in the dimer gap when the plasmonic dimer reaches
uantum regime at d < 0.3 nm.
It is worth noting that the classical non-local modeling is usually
erformed using the ﬁnite element method (FEM) with the hydro-
ynamic Drude model to describe the dielectrics of the metal. While
he volume-based QCM is performed using the boundary element
ethod (BEM) with the artiﬁcial dielectric materials calculated
y the time-dependent density functional theory (TDDFT). The
oundary-element-based QCM uses modiﬁed nonlocal boundary
onditions instead of TDDFT calculations to simplify the simula-
ions and shows similar results as the volume-based QCM.
Fig. 2c and d shows the typical plasmonic resonances of a gold
anoparticle dimer (diameter 50 nm with an air dimer gap) at the
ear-touching regime calculated by CEM and QCM respectively
106]. There are several main observations. The QCM calculations
how a smaller number of modes than the CEM calculations because
he Fabry-Perot resonances in QCM are less pronounced due to
arge damping raised by electron tunneling in the inter-structure
unction. The QCM calculations show that a ﬁrst order CTP mode
deﬁned as tunneling CTP mode or tCTP mode) and higher order
TP′ mode are observed for d < 0.3 nm where the electron tunneling
ecomes important (we note that the value of d at which tunneling
ates are high enough to observe CTP modes depend also on the
unneling barrier height; see Fig. 1). In other words, when the air
ap decreases to below 0.3 nm,  the BDP switches to CTP′ mode with
he following features: the resonance peak blue shifts (instead of
ed shifts) and the peak intensity decreases when electron tunnel-
ng become more pronounced with decreasing values of d because
he electron tunneling reduces the plasmonic coupling by screen-
ng the surface charges of localized plasmons. In addition, the tCTP
ode happens at infrared frequencies (< 1 eV) with a low resonance
ntensity. As the infrared resonance is far from the resonance fre-
uency of the plasmonic resonator, the tCTP mode is mainly due to
he oscillation of electron tunneling. These behaviors of both BDP
nd CTP modes around the < 0.3 nm air gap are the indication of the
uantum plasmon resonances.
As the tCTP mode originates from the electron tunneling across
he dimer, the tCTP mode directly depends on the gap conductiv- Au-coated AFM tips. Here, A = the low frequency mode; B and C = higher frequency
. (c) Quantum plasmon resonance in sub-nm Au nanosphere dimers. Adapted with
olour in the text, the reader is referred to the web version of this article.)
ity, i.e., tunneling current density, raised by the plasmonic ﬁelds
in the gap. Fig. 2e shows that the tCTP mode switches to a lower
frequency resonance when the tunneling reaches the Fowler-
Nordheim regime [108]. Because the tunneling current and the CTP
mode are induced by the plasmonic ﬁelds, the CTP modes should
also be sensitive to the geometry of the plasmonic dimer. Fig. 2f
shows that this is indeed the case and that there is no clear CTP
mode in a plasmonic dimer with a ﬂat gap (modelled using two
cylindrical plasmonic structures) as the longitudinal antenna plas-
mons (LAP) and the CTP have almost the same resonance frequency
[109].
2.2. Quantum plasmonics with air/vacuum tunneling barriers
Quantum plasmonics have been studied with plasmonic dimers
containing air/vacuum tunneling barriers. As discussed above, to
identify quantum plasmon resonances, plasmonic dimers sepa-
rated by air or vacuum gap of ∼0.3 nm are needed. Such structures
are extremely difﬁcult to fabricate using top-down lithogra-
phy methods such as electron-beam lithography (EBL). Fig. 3a
shows the plasmonic resonances, measured by electron energy
loss spectroscopy (EELS) inside a transmission electron tunneling
microscope (TEM), of bowtie antennas fabricated by EBL with dif-
ferent values of d [136]. The CTP mode was observed for touching
structures, but these structures did not reveal the BDP to CTP mode
transition or the tCTP mode likely because the value of d of ∼0.5 nm
was too large to enter the quantum mechanical tunneling regime.
Savage et al. [137] used a conducting atomic force microscope
(AFM) equipped with two  gold-sphere modiﬁed probes to form
plasmonic dimers. These authors controlled the tunneling current
between the AFM tips in air and simultaneously measured the dark
ﬁeld scattering spectra of the junction (Fig. 2c and d). As the value of
d decreased, the BDP modes ﬁrst red shifted with decreasing d but
then blue shifted for d < ∼0.3 nm which demonstrates the quantum
behavior of the plasmonic resonance. Scholl et al. controlled d of
two gold nanospheres inside a TEM and measured their resonance
properties with EELS [138]. They also observed the BDP to CTP tran-
sition when the gap of the gold nanoparticle dimer is ∼0.27 nm
which is a clear signature of the quantum plasmon resonance. How-
ever, in both cases (Fig. 3b and c) [132,133], the tCTP mode could
not be directly observed likely due to the limited spectral range in
their experiments.
d Materials Today 3 (2016) 73–86 77
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Fig. 4. Quantum plasmonics with molecular tunneling barriers. (a) Nonlocal effects
in  the NP-SAM-ﬁlm system with SAMs of amine-alkanethiolates (S(CH2)nNH2). The
scattering peak position red shifts as d decreases and ﬁts well to the model that
utilizes nonlocal dielectric function of Au. Adapted with permission from Ref. [130].
Copyright 2012 American Association for the Advancement of Science (AAAS). (b)
Scanning electron microscopy (SEM) image of the Au NP dimers linked with alka-
nedithiolates (S-(CH2)n-S). The graphs show the scattering peak position of the
dimers vs d. Adapted with permission from Ref. [139]. Copyright 2014 ACS. (c)
Direct observation of quantum plasmon resonance (tCTP) in Ag nanocude dimers
linked by EDT (1,2-ethanedithiolates) or BDT (1,4-benzenedithiolates). Due  to the
higher conductivity of the BDT molecules, the tCTP is blue shifted relative to that
of  the junctions with EDT. Adapted with permission from Ref. [140]. Copyright
2014 AAAS. (d) Molecule conductivity induced quantum plasmon resonance shift
in  Au NP-SAM-Au ﬁlm system with SAMs of BPDT (biphenyl-4,4′-dithiolate) or BPT
(biphenyl-4-thiolate) molecules. The more conductive BPDT molecules cause the
BDP mode to blue shift compared relative to the less conductive BPT junctions.
Adapted with permission from Ref. [141]. Copyright 2014 ACS. (For interpretation
of  the references to colour in the text, the reader is referred to the web version of
this article.)T. Wang, C.A. Nijhuis / Applie
.3. Quantum plasmonics with molecular tunneling barriers
Quantum plasmonics have also been studied with plasmonic
imers containing molecular tunneling barriers. To form sub-
anometer plasmonic dimers, SAMs are promising candidates
ecause of the ease at with which d can be controlled by simply
hanging the molecular length of the molecules inside the SAM
reatly simplifying the fabrication of structures with small values
f d [130,139–141].
The quantum plasmon behavior of BDP mode was  ﬁrst inves-
igated using gold nanoparticles (Au NPs) deposited on a SAM
f amine-alkanethiolates (S(CH2)nNH2) supported on a gold ﬁlm
Fig. 4a) [130]. By simply changing the value of n, the authors could
ontrol d at the atomic level one CH2 unit at a time and the BDP
ode red shifted with decreasing n. This red shift was not as pro-
ounced as predicted by CEM but the experimental data ﬁtted well
sing nonlocal dielectric functions of Au. In this experiment, the
ransition from the BDP mode to the CTP mode—the key signature
f entering the quantum regime—was not observed perhaps due to
he relatively large value of n = 2–16, and the large HOMO–LUMO
ap (∼8–9 eV) of amine-alkanethiolates resulting in large tunneling
arrier heights (Fig. 1e). Nevertheless, this experiment conﬁrmed
he nonlocal contribution to surface plasmon scattering.
The quantum plasmon behavior of BDP mode was conﬁrmed
ith a junction consisting of two gold nanospheres separated by
 SAM of alkanedithiolates (S-(CH2)n-S) shown in Fig. 4b [139].
his Au NP based junction has more conﬁned and pronounced gap
lasmon modes than the Au NP-SAM-Au ﬁlm junction described
bove (Fig. 4a) which may  facilitate the electron tunneling driven
y the local plasmonic ﬁelds. The resonance peak of the BDP red
hifted with decreasing n, but it blue shifted for d < ∼1 nm (or n < 5)
hich strongly indicates the transition of BDP to CTP mode, a clear
ignature of quantum effects in the plasmonic resonance in these
tructures.
The tCTP mode could be directly observed in junctions
onsisting of two silver nanocubes separated by SAM of 1,2-
thanedithiolates (EDT) or 1,4-benzenedithiolates (BDT; Fig. 4c)
140]. The Ag nanocubes had atomically ﬂat facets and large
ross-sectional areas (∼103 nm2) for tunneling which increased the
umber of tunneling events across the junctions and enhanced the
eak tCTP mode. The plasmonic resonances of the dimers were
haracterized using EELS inside a TEM, which provided the possi-
ility to correlate the spectra to the gap size. As shown in Fig. 4c,
he tCTP mode was observed as a new low energy peak at 0.5 eV.
ecause the conductance of the BDT SAM was higher compared to
he EDT SAM, the resonance peak of the tCTP mode shifted from
0.6 eV to ∼1.0 eV while keeping the value of d equal (considering
he similar lengths of BDT and EDT). This shift in the tCTP energy
as related to the reduction of the tunneling barrier height as EDT
as a larger HOMO–LUMO gap (8 eV) than BDT (5 eV) as depicted in
ig. 1. Since the conjugate BDT SAMs support high tunneling rates,
he tCTP mode could be observed even for values of d of up to 1.3 nm.
he molecular electronic control over the BDP mode (coupled plas-
on  resonance) was conﬁrmed in Au NP-SAM-Au ﬁlm junctions
ith SAMs of BPDT (biphenyl-4,4′-dithiolate) and BPT (biphenyl-
-thiolate) by Benz et al. (Fig. 4d) [141]. Here the BPDT molecules
ave a larger conductivity than BPT molecules and consequently
he BDP mode was blue shifted ∼50 nm by simply replacing the BPT
AM by a BPDT SAM. In this example, d and the refractive indices
f both SAMs were very similar and thus the change in the tunnel-
ng rate deﬁned by the molecule caused the change in the optical
roperties of the junctions.
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. Molecular electronics applied in plasmon excitation
Plasmons can be electrically excited by two approaches which
e deﬁne as direct and indirect plasmon excitation as shown in
ig. 5. Direct plasmon excitation relies on plasmon excitation by
unneling electrons directly. In other words, the tunneling current
irectly couples to plasmon modes in, for instance, metal-insulator-
etal junctions [142–149]. Indirect plasmon excitation relies on
wo steps. First, charge carriers induce the electron–hole pair gen-
ration in the junction which then recombine and emit a photon.
econd, these emitted photons then excite plasmons. Although
any examples of indirect plasmon sources are based on the
lectroluminescence of semiconductors (e.g., light emitted diodes
150–153], silicon particles [154], or carbon nanotubes [155]), here
e only focus in indirect and direct plasmon sources based on
olecules.
.1. Mechanisms of plasmon excitation in tunnel junctions
When a tunneling current ﬂows through a junction, plasmons
re excited in the plasmonic electrodes (usually made of Au or
g). This plasmon excitation process has been often assumed to
roceed via inelastic tunneling [142–149,156–158]. The schematic
iagram of inelastic tunneling is shown in Fig. 5a. During the tun-
el process most of the electrons tunnel elastically, however, a
mall portion of the electrons tunnel inelastically and excite plas-
ons in the tunnel junctions. The ﬁrst example of a direct plasmon
ource was reported by Lambe and McCarthy in 1976 [142]. They
bserved broadband light emission from planar metal-insulator-
etal (MIM)  tunnel junctions (Al–Al2O3–Ag/Au junction) from
adiatively decaying plasmons. The color of the light depends on
he applied bias Vappl and the high frequency cutoff of the optical
pectra follows the quantum relation hcutoff = eVappl. Since their
xperiments, plasmons have been excited in different types of
unnel junctions including MIM  tunnel junctions based on metal-
xide insulators [144–146], air gaps [147,148], hexagonal boron
itride (hBN) [149], and scanning tunneling microscopes (STMs)
156–183].
Often, the photon-assisted tunneling model has been used to
xplain how charge carriers couple to plasmons (see Section 4.1).
his model implies that the emitted photon from the junction
annot exceed the electron energy of the applied bias Vappl and
cutoff = eVappl applies (Fig. 5c). Schull et al. reported that quantum
hot noise becomes important for tunnel junctions with high tun-
eling currents close to the quantum conductance G0 [162,164].
hese junctions emit photons with energies larger than eVappl
Fig. 5c). Later, Nitzan et al. established the theoretical link between
he quantum noise and the ac conductance of the tunnel junction,
nd the plasmonic light emission based on the nonequilibrium
reen function formalism [171]. The shot noise directly excites
he plasmonic resonance of the tunnel junction through its spec-
ral distribution at the optical frequency. The model also explains
hat photons are emitted with higher energy than eVappl because of
trong electron-electron coupling (Fig. 5c).
In molecular tunnel junctions so far, plasmons have been
xcited, or modulated, using electrolumiscent molecules. Fig. 5b
hows that electrons and holes are injected in the molecule which
hen recombine and emit a photon [174–183]. Plasmons can also
e excited via direct tunneling between the substrate and the tip
nd the challenge is to discriminate between plasmons excited via
he photons emitted from the molecule or via direct tunneling. The
nergy levels of molecules (e.g., HOMO or LUMO) may  participate
n the tunneling process and thus affect the plasmon excitation
rocess. Therefore, in systems with low lying energy levels the
echanism of plasmon excitation can be challenging to determine.erials Today 3 (2016) 73–86
3.2. STM-based molecular electronic plasmon sources
The highly localized tunneling current in the STM make it pos-
sible to excite plasmons locally with a sub-nanometer resolution.
Pioneering experiments by Coombs, Gimzewski and Berndt et al.
[156–158] showed broadband light emission from STM junctions
on different (polycrystalline Ag, Au(110), Cu(111), and Ag(111))
metallic surfaces. Here, inelastic tunneling electrons excited LSPs
between the proximity of the tip and the sample; these LSPs then
radiatively decayed and were detected optically by placing objec-
tives nearby the junction. Since then, plasmon excitation in STM
junctions have been intensively studied both experimentally and
theoretically [159–173]. These studies showed that the geometry
of the tip is important in the plasmon excitation [172,173], enabled
sub-nanometer resolution plasmon mode mapping [159–161], and
improved the understanding of plasmon excitation by coupling the
local density of electronic and optical states [163]. By integrat-
ing the STM with an inverted optical microscope, SPPs excited by
STM junctions have been directly imaged through leakage radiation
microscopy [165–170].
During the last decade, indirect plasmon excitation via the elec-
troluminescence of molecules has been investigated [174–183]. In
these experiments it is important to decouple the molecule from
the metallic surfaces to avoid quenching. In practice, this decou-
pling has been realized by isolating ﬂuorophores from metallic
substrates using thin (in)organic insulating layers such as metal
oxides [174,177], or molecular layers [175,176]; these types of
junctions have been recently reviewed in detail elsewhere by
Shamaia et al. [40], Galperina et al. [41], and Rossel et al. [178].
Instead of using insulating layers to decouple the molecules
from the bottom-electrode, recently “molecular” approaches have
been used to minimize quenching. Usually, unmodiﬁed porphyrins
lie ﬂat on metal surfaces because of strong molecule-substrate
interactions. Fig. 6a shows a porphyrin molecule with a rigid tripo-
dal anchor and spacer to effectively place the porphyrin away
from the bottom-electrode [181]. Fig. 6b shows the STM-induced
luminescence spectra which are characteristic for the porphyrin
moiety proving effective decoupling of the porphyrin from the
bottom-electrode although electroluminescence intensity from
these molecules was about one order of magnitude lower than
that of the bare substrate. This reduction in the luminescent inten-
sity may  be due to the reduced plasmon ﬁelds due to the large
tip-substrate distance or the non-radiative decay channels related
to charge transfer or dipole-dipole energy transfer. Although the
decoupling of the porphyrin molecule is successful, further under-
standing and the recovery of the luminescence intensity is needed.
Another decoupling experiment has been realized by simply lift-
ing a polythiophene wire with a STM tip from a gold surface (Fig. 6c
and d) [182]. During the experiment, the polythiophene wire was
lifted off from the Au surface by several nanometers using the STM
tip, so the wire ends were directly connected to the electrodes,
whereas a part of the polymer chain was  suspended inside the
junction and disconnected from the substrate. The STM-induced
luminescence spectra from the suspended wire showed a broad res-
onance whose maximum did not shift with voltage. These voltage
independent spectra were believed to be the electroluminescence
of the suspended wires by the recombination of electrons injected
from the tip in the LUMO with holes injected from the sample
in the HOMO of the wire junction. This experiment introduced a
new experimental method to decouple molecules from metallic
substrates by simply lifting up the molecules, although the elec-
tronic properties of the junctions is not completely clear as the
tip geometry, molecule-tip and molecule-substrate interactions, or
conformation of the molecule inside the junction, are not known.
Besides molecule-speciﬁc electroluminescence, individual
molecules could also inﬂuence the plasmon excitation in STM
T. Wang, C.A. Nijhuis / Applied Materials Today 3 (2016) 73–86 79
Fig. 5. Molecular electronics applied in plasmon excitation. (a,b) Schematics of direct (a) and indirect (b) plasmon excitation in tunnel junctions, respectively. The molecule
can  modulate the inelastic tunneling by their electronic transitions between HOMO–LUMO orbitals. (c) The left panel show the junction conductance as a function of tip-
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pubstrate distance. The right panel shows the light emission spectra as a function of
v  < eV (inelastic tunneling regime), but for G/G0 > 0.3, photon energies with hv > eV
009  APS.
unctions by modifying the inelastic tunneling process. Fig. 6e and
 show the schematic of an STM junction with Ir(ppy)3 molecules
hysisorbed on a monolayer of C60 monolayer supported by
g(111) substrate. Here, C60 monolayer functions as the dielectric
pacer to decouple Ir(ppy)3 molecules from the Ag substrate [183].
rom this STM junction, there are two main observations. First,
he STM-induced plasmon map  on single Ir(ppy)3 molecules at
1.8 V had the same spatial shape as their HOMO orbital map  at
0.2 V. Second, the cut-off energy of the plasmon spectra from
ingle Ir(ppy)3 molecules was 0.2 V lower than that from the
60 monolayer. These observations suggest that the HOMO of
he Ir(ppy)3 molecules modulates the plasmon excitation both
patially and spectrally. In other words, the plasmon emission
attern and spectra can be controlled at the molecular scale.
.3. On-chip molecular electronic plasmon sources
Electrically-driven on-chip plasmon sources are essential for
ntegrated plasmonic circuits. Recent efforts mainly relied on indi-
ect electrically-driven plasmon sources based on miniaturized
ight sources that exploit electroluminescence from nanoscale
emiconductors such as nano-light emitting diodes or carbon nano-
ubes [150–155]. However, these plasmon sources are limited in
peed because they rely on electron–hole recombination which
ypically occurs on the nanosecond time-scales. Direct electrical
xcitations of plasmons in tunnel junctions occur at the quantum
echanical tunneling timescales and are thus fast [184]. In princi-
le, MIM  junctions are compatible with on-chip applications, but sostance between the Au tip and Au substrate. When G/G0 < 0.3, the spectra fall in the
served (quantum shot noise dominated regime). Adapt from Ref. [162], Copyright
far they have not been coupled to plasmonic waveguides. Recently,
MIM  junctions based on hexagonal boron nitride or vacuum as the
insulator have been combined with optical antennas [147–149].
We recently reported on-chip direct plasmon excitation using
molecular tunnel junctions based on SAMs [185]. We  found that
the plasmons in these junctions originate from single, diffraction-
limited spots, follow power-law distributed photon statistics, and
have well-deﬁned polarization orientations which are controlled
by the tunneling direction deﬁned by the tilt angle of the SAM or
by simply changing the applied bias of the junction. Fig. 7a shows
the schematic of the STJ which consists of an EGaIn/Ga2O3 top
electrode conﬁned in a through-hole in a transparent rubber (poly-
dimethylsiloxane; PDMS) and an ultra-ﬂat template-stripped Au
(AuTS) electrode supporting SAMs of SC12. These junctions excited
both localized and propagating SPPs (Fig. 7b and c). In the real plane
image (Fig. 7b), LSPs are characterized by diffraction limited emis-
sion spots and the SPPs by the unidirectional and un-diffracted
emission spots around the boundary of the junction. In the back
focal plane image (Fig. 7c), the SPPs are shown as narrow arcs
with speciﬁc wavevectors kSPP and labelled with mode I (SPPs
along the Au/SAM—Air interface, kSPP = 1.01) and II (SPPs along the
Au/SAM—PDMS interface, kSPP = 1.47). Fig. 7d shows the defocused
plasmon emission image of Fig. 7b which indicates the polarization
orientation of the plasmon emission spots. Theoretical calculations
conﬁrm that the polarization orientation of the plasmon emission is
∼30◦ with respect to the surface normal and equals to the tilt angle
of the SAMs. This relation implies that the plasmon excitation in the
STJs occurs along the tilted back bone of the SAM via through-bond
80 T. Wang, C.A. Nijhuis / Applied Materials Today 3 (2016) 73–86
Fig. 6. Molecular electronics applied in plasmon excitation in STMs. (a,b) Electroluminescence modulated plasmon excitation in a STM junction with a ﬂuorophore from the
bottom  electrode by intra molecular spacer. Adapted with permission from Ref. [181]. Copyright 2013 ACS. (c,d) Electroluminescence modulated plasmon excitation in a
STM  junction with a suspended electroluminescent oligomer. Adapted with permission from Ref. [182]. Copyright 2014 APS. (e,f) Molecular orbital gated plasmon excitation
in  a STM junction with Ir(ppy)3 adsorbed on a monolayer of C60. Adapted with permission from Ref. [183]. Copyright 2013 ACS.
Fig. 7. On-chip plasmon excitation with STJs. (a) Schematic of the on-chip STJs. Here, the substrate is glass, OA is an optical adhesive that was used in template-stripping,
AuTS is template stripped Au, PDMS is polydimethylsiloxane based rubber mold with microchannels that stabilizes the top-electrode, EGaIn stands for eutectic alloy of Ga
and  In, and Ga2O3 is a native, conductive oxide surface layer of 0.7 nm on the EGaIn. (b,c) Real plane image (b) and back focal plane image (c) of the plasmon emission with a
SAM  of SCn (n = 12) on a 50 nm AuTS ﬁlm at a −1.8 V bias. (d) the defocused plasmon emission image of b [185].
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Fig. 8. Tunnel junctions applied in plasmon detection. (a) Direct plasmon detec-
tion  by photo-assisted tunneling (PAT). (b) Indirect plasmon detection through
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which can be excited with a p-polarized light in the Kretschmann
conﬁguration using a glass prism. When the thin gold ﬁlms werelectron–hole separation.
unneling. This observation was further conﬁrmed by changing the
ilt angle to ∼10◦ by simply replacing the AuTS by a AgTS bottom
lectrode. Using these junctions, plasmons could also be excited in
lasmonic waveguides and bias-selective plasmon excitation was
chieved with molecular diodes.
Noteworthy is that the plasmons are excited in discrete spots
Fig. 7b). It is well-known in electrical engineering that the current
oes not ﬂow uniformly across most junctions and that the effec-
ive electrical contact area may  be 2–4 orders of magnitude smaller
han the geometrical contact area [186]. The effective electrical con-
act area in SAM-based junctions with EGaIn top-electrodes was
ecently estimated to be 4 orders of magnitude smaller than the
eometrical contact area [187,188]. The data shown in Fig. 7b shows
isually that indeed the current ﬂow across these junctions is highly
nhomogeneous.
. Molecular electronics applied in plasmon detection
The electrical detection of plasmons is the reverse process of
lasmon excitation, and can also be classiﬁed as direct and indi-
ect plasmon detection strategies as depicted in Fig. 8. Direct
lasmon detection is realized by plasmon assisted tunneling. Indi-
ect plasmon detection has two steps. Firstly, plasmons induce
lectron–hole pair generation. Secondly, these electron–hole pairs
re separated and collected resulting in a photocurrent. Here, we
eview the direct plasmon detection based on the molecular tunnel
unctions.
.1. Mechanism of electrical detection of plasmons
Molecular tunnel junctions can be used to detect plasmons both
ndirectly and directly. Because of the plasmonic ﬁeld, the average
unnel barrier height of the junctions is reduced and thus the tunnel
urrent increases (Fig. 8a). This process is in-principle the photon-
ssisted tunneling (PAT) introduced by Tien and Gordon [189,190],
owever, because in plasmon detection the electromagnetic ﬁeld
s provided by plasmons, this effect can also be named as plasmon-
ssisted tunneling. In PAT, the plasmonic ﬁelds produce an electric
eld which can be approximated as an effective ac bias Vaccos(ωt)
dded to the applied dc bias where Vac is the ac bias amplitude,
 is the frequency of the plasmon and t is time. This ac bias then
odulates the dc tunnel current given by Refs. [85,189,190].
n=∞∑
dc+ac(Vdc + Vac cos(ωt)) =
n=−∞
J2n (
eVac
ω
)Idc(Vdc + n
ω
e
) (2)erials Today 3 (2016) 73–86 81
where   is the reduced Planck’s constant and e is the elementary
charge. The increased current Idc due to the ac bias in the limit of
small ac amplitudes (eVac ≤ ω) can be approximated by
Idc = Idc+ac(Vdc + Vaccos(ωt))  − Idc(Vdc)
= 1
4
V2ac
(
Idc(Vdc + ω/e) + Idc(Vdc − ω/e) − 2Idc(Vdc)
(/e)2
)
(3)
If the variation of the tunneling current is small on the bias scale
of ω/e, Eq. (3) can be simpliﬁed to [85]
Idc =
1
4
V2ac
(
d2Idc
dVdc
2
)
(4)
On the contrary, indirect plasmon detection with molecular tun-
nel junctions utilizes electronically decoupled molecules with a
smaller bandgap (e.g., conjugated molecules, Fig. 1d) as the tun-
neling barrier. Similar to photon detection using semiconductors,
when plasmonic electromagnetic ﬁelds reach the tunnel junc-
tions, the molecules will absorb the plasmon energy and generate
electron–hole pairs which are then separated in an applied elec-
tric ﬁeld resulting in a photocurrent (Fig. 8b). To realize effective
indirect plasmon detection using molecules, there are fundamen-
tal issues to overcome. Firstly, the intrinsic HOMO–LUMO gap
of the molecule limits the detection bandwidth. Secondly, the
electron–hole generation is usually on the time-scale of nanosec-
onds which limits the response speed. So far, indirect plasmon
detection has mainly been investigated based on miniaturized
semiconductors connected to plasmonic waveguides in forms of
Au ﬁlms [191], single crystalline Ag nanowires [192,194,198],
polycrystalline Au waveguides [195–197], and MIM  gap plasmon
waveguides [193].
4.2. Direct plasmon detection with molecular tunnel junctions
Direct plasmon detection with molecular tunnel junctions has
been realized using molecules with large HOMO–LUMO gaps (e.g.,
aliphatic molecules, Fig. 1e) as the tunnel barrier using junctions
of the form of Au NW-SAM-Au (NW = nanowire) sandwich by Noy
et al. [199,200]. Fig. 9a shows the suspend nanowire molecular tun-
nel junctions with SAMs of SCn with n = 8, 10, 12. SPPs were excited
using a laser and propagated along the Au NW to the junctions.
The SPPs caused an increase in the observed dc tunneling current
(Fig. 9b). The inset of Fig. 9b shows a ﬁt of Eq. (4) to a plot of the
increase in the dc current as a function of Vappl and the authors
concluded that PAT explains their observations well. From the mag-
nitude of the plasmon modulated current, it is also possible to
determine the strengths of the plasmonic ﬁeld in the junctions. The
enhancement by the plasmonic ﬁelds should decay exponentially
with the length of the molecule (i.e., the value of n). The authors
found a plasmonic ﬁeld enhancement of a factor of ∼550 for n = 8,
∼250 for n = 10, and ∼100 for n = 12. Such an evolution of plasmonic
ﬁeld enhancement is normally difﬁcult to measure directly by opti-
cal means because of the small dimensions of the gap (∼1 nm). The
direct plasmon detection of the molecular tunnel junction provides
the opportunity to combine molecular electronics with plasmonics
and in situ determination of plasmonic effects.
Direct plasmon detection has also been performed with junc-
tions using continuous gold ﬁlms as the electrodes. Fig. 9c shows
squeezable break junctions of the form of Au ﬁlm-SAM-Au ﬁlm
[201]. These junctions support SPPs on their continuous gold ﬁlmssqueezed to form a single molecule tunnel junction, SPPs were
also squeezed in the junction area resulting in high local electro-
82 T. Wang, C.A. Nijhuis / Applied Materials Today 3 (2016) 73–86
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(ig. 9. Direct plasmon detection with molecular tunnel junctions. (a,b) Plasmon de
xcited. Adapted with permission from [200]. Copyright 2010 ACS. (c,d) Plasmon d
xcited.  Adapted with permission from Ref. [201]. Copyright 2013 ACS.
agnetic ﬁelds and signiﬁcant increase of the observed tunneling
urrent (Fig. 9d).
. Conclusions and outlook
This Review highlights the great opportunities for molecular
lasmonics by taking advantage of both the concepts of plasmonics
nd molecular electronics. Judiciously designed molecular tunnel
unctions provide an interesting experimental platform to improve
ur understanding of quantum plasmonics (including charge trans-
er plasmons) and to demonstrate promising applications involving
anoscale plasmon generation and detection. Although the feasi-
ility of combining molecular electronics and plasmonics has been
learly demonstrated in the studies highlighted in this Review, sev-
ral challenges remain in molecular electronic plasmonics.
Modeling quantum plasmon resonances in molecular tunnel
unctions is challenging. Usually, quantum plasmon models use
omogeneous effective dielectrics corrected by quantum tunneling
s the tunnel barriers. In reality, the molecules inside the junctions
re not static, but vibrate as a result of thermal or inelastic excita-
ions [185,202–205], causing for instance blinking phenomena. For
 given junction, the current ﬂow may  not be uniformly distributed
cross the junction area and, in general, the shape of the tunneling
arrier is disputed [27,206,207]. These uncertainties complicate the
onstruction of realistic models. On the other hand, although quan-
um plasmon resonances have been demonstrated using molecule
unctions, active molecular electronic control of these resonances
ave not been demonstrated yet.
Molecular electronic on-chip plasmon sources and detectors
ave been investigated with dc biases, but these are potentially
ery fast as they operated on the quantum tunneling time-scales.
o realize ultra-fast plasmonic electronic circuitry, it is impor-
ant to fabricate molecular tunneling junctions with small areas
e.g., < 1 m2) to ensure small capacitances and minimal RC delayn by PAT in a Au NW-SAM-Au ﬁlm tunnel junction where localized plasmons were
on by PAT in a Au ﬁlm-SAM-Au ﬁlm tunnel junction where propagating SPPs were
times. Finally, experimental demonstration of simple molecular
plasmonic electronic circuits is still lacking. One of the reasons is
that reliable large-scale fabrication of molecular tunneling junc-
tions is still challenging although recent progress has been made
[208–210]. Despite these challenges we  believe that molecular
electronic plasmonics is an exciting playground for both theorists
and experimentalists with promising applications in areas compli-
mentary to traditional semiconductor based electronics.
Acknowledgements
We acknowledge the National Research Foundation (NRF) for
supporting this research under the Competitive Research Pro-
gramme  (CRP) program (award NRF-CRP 8-2011-07).
References
[1] International Technology Roadmap for Semiconductors, 2013, edn, available
online at http://public.itrs.net/.
[2] R. Zia, J.A. Schuller, A. Chandran, M.L. Brongersma, Plasmonics—the wave of
chip-scale device technologies, Mater. Today 9 (2006) 20–27.
[3] M.L. Brongersma, V.M. Shalaev, The case for plasmonics, Science 328 (2010)
440–441.
[4] E. Ozbay, Plasmonics: merging photonics and electronics at nanoscale
dimensions, Science 311 (2006) 189–193.
[5] H.A. Atwater, The promise of plasmonics, Sci. Am.  296 (2007) 56–62.
[6] W.L. Barnes, A. Dereux, T.W. Ebbesen, Surface plasmon subwavelength
optics, Nature 424 (2003) 824–830.
[7] D.K. Gramotnev, S.I. Bozhevolnyi, Plasmonics beyond the diffraction limit,
Nat. Photon. 4 (2010) 83–91.
[8] C. Joachim, J.K. Gimzewski, A. Aviram, Electronics using hybrid-molecular
and mono-molecular devices, Nature 408 (2000) 541–548.
[9] A. Nitzan, M.  Ratner, Electron transport in molecular wire functions, Science
300 (2003) 1384–1389.
[10] A. Salomon, D. Cahen, S. Lindsay, J. Tomfohr, V.B. Engelkes, C.D. Frisbie,
Comparison of electronic transport measurements on organic molecules,
Adv. Mater. 15 (2003) 1881–1890.
[11] R.L. McCreery, Molecular electronic junctions, Chem. Mater. 16 (2004)
4477–4496.
d MatT. Wang, C.A. Nijhuis / Applie
[12] N.J. Tao, Electron transport in molecular junctions, Nat. Nanotechnol. 1
(2006) 173–181.
[13] H. Haick, D. Cahen, Contacting organic molecules by soft methods: towards
molecule-based electronic devices, Acc. Chem. Res. 41 (2008) 359–366.
[14] M.  Ratner, A brief history of molecular electronics, Nat. Nanotechnol. 8
(2013) 378–381.
[15] L. Sun, Y.A. Diaz-Fernandez, T.A. Gschneidtner, F. Westerlund, S. Lara-Avilab,
K.  Moth-Poulsen, Single-molecule electronics: from chemical design to
functional devices, Chem. Soc. Rev. 43 (2014) 7378–7411.
[16] Y. Zhang, Z. Zhao, D. Fracasso, R.C. Chiechi, Bottom-up molecular tunneling
junctions formed by self-assembly, Isr. J. Chem. 54 (2014) 513–533.
[17] R.M. Metzger, Unimolecular electronics, Chem. Rev. 115 (2015) 5056–5115.
[18] A.S. Blum, J.G. Kushmerick, D.P. Long, C.H. Patterson, J.C. Yang, J.C.
Henderson, Y. Yao, J.M. Tour, R. Shashidhar, B.R. Ratna, Molecularly inherent
voltage-controlled conductance switching, Nat. Mater. 4 (2005) 167–172.
[19] P. Liljeroth, Peter, J. Repp, G. Meyer, Current-induced hydrogen
tautomerization and conductance switching of naphthalocyanine
molecules, Science 317 (2007) 1203–1206.
[20] S.Y. Quek, M.  Kamenetska, M.L. Steigerwald, H.J. Choi, S.G. Louie, M.S.
Hybertsen, J.B. Neaton, L. Venkataraman, Mechanically controlled binary
conductance switching of a single-molecule junction, Nat. Nanotechnol. 4
(2009) 230–234.
[21] F. Schwarz, G. Kastlunger, F. Lissel, C. Egler-Lucas, S.N. Semenov, K.
Venkatesan, H. Berke, R. Stadler, E. Lörtscher, Field-induced conductance
switching by charge-state alternation in organometallic single-molecule
junctions, Nat. Nanotechnol. 11 (2016) 170–176.
[22] M.  Elbing, R. Ochs, M.  Koentopp, M.  Fischer, C. von Hanisch, F. Weigend, F.
Evers, H.B. Weber, M.  Mayor, A single-molecule diode, Proc. Natl. Acad. Sci.
U. S. A. 102 (2005) 8815–8820.
[23] I. Díez-Pérez, J. Hihath, Y. Lee, L. Yu, L. Adamska, M.A. Kozhushner, I.I.
Oleynik, N.J. Tao, Rectiﬁcation and stability of a single molecular diode with
controlled orientation, Nat. Chem. 1 (2009) 635–641.
[24] N. Nerngchamnong, L. Yuan, D. Qi, J. Li, D. Thompson, C.A. Nijhuis, The role of
van der Waals forces in the performance of molecular diodes, Nat.
Nanotechnol. 8 (2013) 113–118.
[25] H.J. Yoon, K.C. Liao, M.R. Lockett, S.W. Kwok, M.  Baghbanzadeh, G.M.
Whitesides, Rectiﬁcation in tunneling junctions: 2,2′-bipyridyl-terminated
n-alkanethiolates, J. Am.  Chem. Soc. 136 (2014) 17155–17162.
[26] B. Capozzi, J. Xia, O. Adak, E.J. Dell, Z.F. Liu, J.C. Taylor, J.B. Neaton, L.M.
Campos, L. Venkataraman, Single-molecule diodes with high rectiﬁcation
ratios through environmental control, Nat. Nanotechnol. 10 (2015) 522–527.
[27] L. Yuan, N. Nerngchamnong, L. Cao, H. Hamoudi, E. Del Barco, M.  Roemer, R.
Sriramula, D. Thompson, C.A. Nijhuis, Controlling the direction of
rectiﬁcation in a molecular diode, Nat. Commun. 6 (2015) 6324.
[28] D. Fracasso, H. Valkenier, J.C. Hummelen, G.C. Solomon, Ryan C. Chiechi,
Evidence for quantum interference in sams of arylethynylene thiolates in
tunneling junctions with eutectic Ga–In (EGAIN) top-contacts, J. Am.  Chem.
Soc. 133 (2011) 9556–9563.
[29] C.M. Guédon, H. Valkenier, T. Markussen, K.S. Thygesen, J.C. Hummelen, S.J.
van der Molen, Observation of quantum interference in molecular charge
transport, Nat. Nanotechnol. 7 (2012) 305–309.
[30] H. Vazquez, R. Skouta, S. Schneebeli, M.  Kamenetska, R. Breslow, L.
Venkataraman, M.S. Hybertsen, Probing the conductance superposition law
in  single-molecule circuits with parallel paths, Nat. Nanotechnol. 7 (2012)
663–667.
[31] C.R. Arroyo, S. Tarkuc, R. Frisenda, J.S. Seldenthuis, C.H.M. Woerde, R.
Eelkema, F.C. Grozema, H.S.J. van der Zant, Signatures of quantum
interference effects on charge transport through a single benzene ring,
Angew. Chem. Int. Ed. 52 (2013) 3152–3155.
[32] J. He, S. Lindsay, On the mechanism of negative differential resistance in
ferrocenylundecanethiol self-assembled monolayers, J. Am. Chem. Soc. 127
(2005) 11932–11933.
[33] X.W. Tu, G. Mikaelian, W.  Ho, Controlling single-molecule negative
differential resistance in a double-barrier tunnel junction, Phys. Rev. Lett.
100 (2008) 126807.
[34] M.L. Perrin, M.  Koole, J.S. Seldenthuis, J.A. Celis Gil, H. Valkenier, J.C.
Hummelen, N. Renaud, F.C. Grozema, J.M. Thijssen, D. Dulic, H.S.J. van der
Zant, Large negative differential conductance in single-molecule break
junctions, Nat. Nanotechnol. 9 (2014) 830–834.
[35] C.M. Ramsey, E. del Barco, S. Hill, S.J. Shah, C.C. Beedle, D.N. Hendrickson,
Quantum interference of tunnel trajectories between states of different spin
length in a dimeric molecular nanomagnet, Nat. Phys. 4 (2008) 277–281.
[36] S. Schmaus, A. Bagrets, Y. Nahas, T.K. Yamada, A. Bork, M.  Bowen, E.
Beaurepaire, F. Evers, W.  Wulfhekel, Giant magnetoresistance through a
single molecule, Nat. Nanotechnol. 6 (2011) 185–189.
[37] E. Burzurí, A.S. Zyazin, A. Cornia, H.S.J. van der Zant, Direct observation of
magnetic anisotropy in an individual Fe4 single-molecule magnet, Phys.
Rev. Lett. 109 (2012) 147203.
[38] B. Warner, F. El Hallak, H. Prüser, J. Sharp, M.  Persson, A.J. Fisher, C.F.
Hirjibehedin, Tunable magnetoresistance in an asymmetrically coupled
single-molecule junction, Nat. Nanotechnol. 10 (2015) 259–263.[39] A.C. Aragonès, D. Aravena, J.I. Cerdá, Z. Acís-Castillo, H. Li, J.A. Real, F. Sanz, J.
Hihath, E. Ruiz, I. Díez-Pérez, Large conductance switching in a
single-molecule device through room temperature spin-dependent
transport, Nano Lett. 16 (2016) 218–226.erials Today 3 (2016) 73–86 83
[40] T. Shamaia, Y. Selzer, Spectroscopy of molecular junctions, Chem. Soc. Rev.
40  (2011) 2293–2305.
[41] M.  Galperina, A. Nitzan, Molecular optoelectronics: the interaction of
molecular conduction junctions with light, Phys. Chem. Chem. Phys. 14
(2012) 9421–9438.
[42] S.V. Aradhya, L. Venkataraman, Single-molecule junctions beyond electronic
transport, Nat. Nanotechnol. 8 (2013) 399–410.
[43] S. Battacharyya, A. Kibel, G. Kodis, P.A. Liddell, M.  Gervaldo, D. Gust, S.
Lindsay, Optical modulation of molecular conductance, Nano Lett. 11 (2011)
2709–2714.
[44] C. Jia, J. Wang, C. Yao, Y. Cao, Y.W. Zhong, Z.R. Liu, Z.F. Liu, X.F. Guo,
Conductance switching and mechanisms in single-molecule junctions,
Angew. Chem. Int. Ed. 52 (2013) 8666–8670.
[45] J.A. Fereiro, R.L. McCreery, A.J. Bergren, Direct optical determination of
interfacial transport barriers in molecular tunnel junctions, J. Am.  Chem.
Soc. 135 (2013) 9584–9587.
[46] S.A. Maier, H.A. Atwater, Plasmonics: localization and guiding of
electromagnetic energy in metal/dielectric structures, J. Appl. Phys. 98
(2005) 011101.
[47] E. Hutter, J.H. Fendler, Exploitation of localized surface plasmon resonance,
Adv. Mater. 16 (2004) 1685–1706.
[48] K.A. Willets, R.P. Van Duyne, Localized surface plasmon resonance
spectroscopy and sensing, Annu. Rev. Phys. Chem. 58 (2007) 267–297.
[49] M.E. Stewart, C.R. Anderton, L.B. Thompson, J. Maria, S.K. Gray, J.A. Rogers,
R.G.  Nuzzo, Nanostructured plasmonic sensors, Chem. Rev. 108 (2008)
494–521.
[50] K.M. Mayer, J.H. Hafner, Localized surface plasmon resonance sensors,
Chem. Rev. 111 (2011) 3828–3857.
[51] R.M. Dickson, L.A. Lyon, Unidirectional plasmon propagation in metallic
nanowires, J. Phys. Chem. B 104 (2000) 6095–6098.
[52] A.V. Zayats, I.I. Smolyaninovb, A.A. Maradudinc, Nano-optics of surface
plasmon polaritons, Phys. Rep. 408 (2005) 131–314.
[53] E. Moreno, S.G. Rodrigo, S.I. Bozhevolnyi, L. Martin-Moreno, F.J. Garcia-Vidal,
Guiding and focusing of electromagnetic ﬁelds with wedge plasmon
polaritons, Phys. Rev. Lett. 100 (2008) 023901.
[54] S.I. Bozhevolnyi, V.S. Volkov, E. Devaux, J.Y. Laluet, T.W. Ebbesen, Channel
plasmon subwavelength waveguide components including interferometers
and ring resonators, Nature 440 (2006) 508–511.
[55] R. Zia, M.L. Brongersma, Surface plasmon polariton analogue to young’s
double-slit experiment, Nat. Nanotechnol. 2 (2007) 426–429.
[56] P. Berini, I. De Leon, Surface plasmon–polariton ampliﬁers and lasers, Nat.
Photon. 6 (2012) 16–24.
[57] P. Anger, P. Bharadwaj, L. Novotny, Enhancement and quenching of
single-molecule ﬂuorescence, Phys. Rev. Lett. 96 (2006) 113002.
[58] S. Kühn, U. Håkanson, L. Rogobete, V. Sandoghdar, Enhancement of
single-molecule ﬂuorescence using a gold nanoparticle as an optical
nanoantenna, Phys. Rev. Lett. 97 (2006) 017402.
[59] S. Lal, S. Link, N.J. Halas, Nano-optics from sensing to waveguiding, Nat.
Photon. 1 (2007) 641–648.
[60] X.M. Qian, S.M. Nie, Single-molecule and single-nanoparticle SERS: from
fundamental mechanisms to biomedical applications, Chem. Soc. Rev. 37
(2008) 912–920.
[61] A. Kinkhabwala, Z. Yu, S. Fan, Y. Avlasevich, K. Müllen, W.E. Moerner, Large
single-molecule ﬂuorescence enhancements produced by a bowtie
nanoantenna, Nat. Photon. 3 (2009) 654–657.
[62] P. Zijlstra, P.M. Paulo, M. Orrit, Optical detection of single non-absorbing
molecules using the surface plasmon resonance of a gold nanorod, Nat.
Nanotechnol. 7 (2012) 379–382.
[63] D. Punj, M. Mivelle, S.B. Moparthi, T.S. van Zanten, H. Rigneault, N.F. van
Hulst, M.F. García-Parajó, Jérôme Wenger, A plasmonic ‘antenna-in-box’
platform for enhanced single-molecule analysis at micromolar
concentrations, Nat. Nanotechnol. 8 (2013) 512–516.
[64] M.D. Sonntag, J.M. Klingsporn, A.B. Zrimsek, B. Sharma, L.K. Ruvunaa, R.P.
Van Duyne, Molecular plasmonics for nanoscale spectroscopy, Chem. Soc.
Rev. 43 (2014) 1230–1247.
[65] N. Fang, H. Lee, C. Sun, X. Zhang, Sub-diffraction-limited optical imaging
with a silver superlens, Science 308 (2005) 534–537.
[66] Z.W. Liu, H. Lee, Y. Xiong, C. Sun, X. Zhang, Far-ﬁeld optical hyperlens
magnifying sub-diffraction-limited objects, Science 315 (2007) 1686.
[67] X. Zhang, Z. Liu, Superlenses to overcome the diffraction limit, Nat. Mater. 7
(2008) 435–441.
[68] S. Kawata, A. Ono, P. Verma, Subwavelength colour imaging with a metallic
nanolens, Nat. Photon. 2 (2008) 438–442.
[69] S. Kawata, Y. Inouye, P. Verma, Plasmonics for near-ﬁeld nano-imaging and
superlensing, Nat. Photon. 3 (2009) 388–394.
[70] P. Li, T. Wang, H. Bo¨ckmann, T. Taubner, Graphene-enhanced Infrared
near-ﬁeld microscopy, Nano Lett. 14 (2014) 4400–4405.
[71] S. Pillai, K.R. Catchpole, T. Trupke, M.A. Green, Surface plasmon enhanced
silicon solar cells, J. Appl. Phys. 101 (2007) 093105.
[72] K.R. Catchpole, A. Polman, Plasmonic solar cells, Opt. Express 16 (2008)
21793–21800.[73] H.A. Atwater, A. Polman, Plasmonics for improved photovoltaic devices, Nat.
Mater. 9 (2010) 205–213.
[74] C. Cesar, Plasmon-induced hot-electron generation at
nanoparticle/metal-oxide interfaces for photovoltaic and photocatalytic
devices, Nat. Photon. 8 (2014) 95–103.
8 d Mat4 T. Wang, C.A. Nijhuis / Applie
[75] I. Thomann, B.A. Pinaud, Z. Chen, B.M. Clemens, T.F. Jaramillo, M.L.
Brongersma, Plasmon enhanced solar-to-fuel energy conversion, Nano Lett.
11  (2011) 3440–3446.
[76] J.L. Wu,  F.C. Chen, Y.S. Hsiao, F.C. Chien, P.L. Chen, C.H. Kuo, M.H. Huang, C.S.
Hsu,  Surface plasmonic effects of metallic nanoparticles on the performance
of polymer bulk heterojunction solar cells, ACS Nano 5 (2011) 959–967.
[77] S.C. Kim, J.H. Jin, Y.J. Kim, I.Y. Park, Y.S. Kim, S.W. Kim, High-harmonic
generation by resonant plasmon ﬁeld enhancement, Nature 453 (2008)
757–760.
[78] J. Renger, R. Quidant, N. Van Hulst, L. Novotny, Surface-enhanced nonlinear
four-wave mixing, Phys. Rev. Lett. 104 (2010) 046803.
[79] M.  Kauranen, A.V. Zayats, Nonlinear plasmonics, Nat. Photon. 6 (2012)
737–748.
[80] S.M. Chen, G.X. Li, F. Zeuner, W.H. Wong, E.Y.B. Pun, T. Zentgraf, K.W. Cheah,
S.  Zhang, Symmetry-selective third-harmonic generation from plasmonic
metacrystals, Phys. Rev. Lett. 113 (2014) 033901.
[81] K. O’Brien, H. Suchowski, J. Rho, A. Salandrino, B. Kante, X. Yin, X. Zhang,
Predicting nonlinear properties of metamaterials from the linear response,
Nat.  Mater. 14 (2015) 379–383.
[82] M.  Celebrano, X.F. Wu,  M.  Baselli, S. Großmann, P. Biagioni, A. Locatelli, C. De
Angelis, G. Cerullo, R. Osellame, B. Hecht, L. Duò, F. Ciccacci, M.  Finazzi,
Mode matching in multiresonant plasmonic nanoantennas for enhanced
second harmonic generation, Nat. Nanotechnol. 10 (2015) 412–417.
[83] L. Tang, S.E. Kocabas, S. Latif, A.K. Okyay, D.S. Ly-Gagnon, K.C. Saraswat,
D.A.B. Miller, Nanometre-scale germanium photodetector enhanced by a
near-infrared dipole antenna, Nat. Photon. 2 (2008) 226–229.
[84] J.A. Dionne, K. Diest, L.A. Sweatlock, H.A. Atwater, PlasMOStor: a
metal–oxide–Si ﬁeld effect plasmonic modulator, Nano Lett. 9 (2009)
897–902.
[85] D.R. Ward, F. Hüser, F. Pauly, J.C. Cuevas, D. Natelson, Optical rectiﬁcation
and ﬁeld enhancement in a plasmonic nanogap, Nat. Nanotechnol. 5 (2010)
732–736.
[86] W.  Cai, A.P. Vasudev, M.L. Brongersma, Electrically controlled nonlinear
generation of light with plasmonics, Science 333 (2010) 1720–1723.
[87] M.W.  Knight, H. Sobhani, P. Nordlander, N.J. Halas, Photodetection with
active optical antennas, Science 332 (2011) 702–704.
[88] H.X. Xu, E.J. Bjerneld, M.  Kall, L. Borjesson, Spectroscopy of single
hemoglobin molecules by surface enhanced Raman scattering, Phys. Rev.
Lett. 83 (1999) 4357.
[89] C. Sönnichsen, B.M. Reinhard, J. Liphardt, A.P. Alivisatos, A molecular ruler
based on plasmon coupling of single gold and silver nanoparticles, Nat.
Biotechnol. 23 (2005) 741–745.
[90] C.E. Talley, J.B. Jackson, C. Oubre, N.K. Grady, C.W. Hollars, S.M. Lane, T.R.
Huser, P. Nordlander, N.J. Halas, Surface-enhanced Raman scattering from
individual Au nanoparticles and nanoparticle dimer substrates, Nano Lett. 5
(2005) 1569–1574.
[91] D.R. Ward, N.K. Grady, C.S. Levin, N.J. Halas, Y. Wu,  P. Nordlander, D.
Natelson, Electromigrated nanoscale gaps for surface-enhanced Raman
spectroscopy, Nano Lett. 7 (2007) 1396–1400.
[92] P.K. Jain, W.  Huang, M.A. El-Sayed, On the universal scaling behavior of the
distance decay of plasmon coupling in metal nanoparticle pairs: a plasmon
ruler equation, Nano Lett. 7 (2007) 2080–2088.
[93] M.  Danckwerts, L. Novotny, Optical frequency mixing at coupled gold
nanoparticles, Phys. Rev. Lett. 98 (2007) 026104.
[94] M.W.  Chu, V. Myroshnychenko, C.H. Chen, J.P. Deng, C.Y. Mou, F.J. García de
Abajo, Probing bright and dark surface-plasmon modes in individual and
coupled noble metal nanoparticles using an electron beam, Nano Lett. 9
(2009) 399–404.
[95] A.M. Funston, C. Novo, T.J. Davis, P. Mulvaney, Plasmon coupling of gold
nanorods at short distances and in different geometries, Nano Lett. 9 (2009)
1651–1658.
[96] S.S. Ac´imovic´, M.P. Kreuzer, M.U. González, R. Quidant, Plasmon near-ﬁeld
coupling in metal dimers as a step toward single-molecule sensing, ACS
Nano 3 (2009) 1231–1237.
[97] A.L. Koh, K. Bao, I. Khan, W.E. Smith, G. Kothleitner, P. Nordlander, S.A.
Maier, D.W. McComb, Electron energy-loss spectroscopy (EELS) of surface
plasmons in single silver nanoparticles and dimers: inﬂuence of beam
damage and mapping of dark modes, ACS Nano 3 (2009) 3015–3022.
[98] F.M. Huang, J.J. Baumberg, Actively tuned plasmons on elastomerically
driven au nanoparticle dimers, Nano Lett. 10 (2010) 1787–1792.
[99] K.L. Wustholz, A.I. Henry, J.M. McMahon, R.G. Freeman, N. Valley, M.E. Piotti,
M.J.  Natan, G.C. Schatz, R.P. Van Duyne, Structure-activity relationships in
gold nanoparticle dimers and trimers for surface-enhanced Raman
spectroscopy, J. Am.  Chem. Soc. 132 (2010) 10903–10910.
[100] N.J. Halas, S. Lal, W.S. Chang, S. Link, P. Nordlander, Plasmons in strongly
coupled metallic nanostructures, Chem. Rev. 111 (2011) 3913–3961.
[101] J.M. Romo-Herrera, R.A. Alvarez-Puebla, Luis M.  Liz-Marzán, Controlled
assembly of plasmonic colloidal nanoparticle clusters, Nanoscale 3 (2011)
1304–1315.
[102] D. Punj, R. Regmi, A. Devilez, R. Plauchu, S.B. Moparthi, B. Stout, N. Bonod, H.
Rigneault, J. Wenger, Self-assembled nanoparticle dimer antennas for
plasmonic-enhanced single-molecule ﬂuorescence detection at micromolar
concentrations, ACS Photonics 2 (2015) 1099–1107.
[103] J.B. Lassiter, J. Aizpurua, L.I. Hernandez, D.W. Brandl, I. Romero, S. Lal, J.H.
Hafner, P. Nordlander, N.J. Halas, Close encounters between two  nanoshells,
Nano Lett. 8 (2008) 1212–1218.erials Today 3 (2016) 73–86
[104] J. Zuloaga, E. Prodan, P. Nordlander, Quantum description of the plasmon
resonances of a nanoparticle dimer, Nano Lett. 9 (2009) 887–891.
[105] O. Pérez-González, N. Zabala, A.G. Borisov, N.J. Halas, P. Nordlander, J.
Aizpurua, Optical spectroscopy of conductive junctions in plasmonic
cavities, Nano Lett. 10 (2010) 3090–3095.
[106] R. Esteban, A.G. Borisov, P. Nordlander, J. Aizpurua, Bridging quantum and
classical plasmonics with a quantum-corrected model, Nat. Commun. 3
(2012) 825.
[107] D.C. Marinica, A.K. Kazansky, P. Nordlander, J. Aizpurua, A.G. Borisov,
Quantum plasmonics: nonlinear effects in the ﬁeld enhancement of a
plasmonic nanoparticle dimer, Nano Lett. 12 (2012) 1333–1339.
[108] L. Wu,  H. Duan, P. Bai, M.  Bosman, J.K.W. Yang, E. Li, Fowler–Nordheim
tunneling induced charge transfer plasmons between nearly touching
nanoparticles, ACS Nano 7 (2013) 707–716.
[109] R. Esteban, G. Aguirregabiria, A.G. Borisov, Y.M. Wang, P. Nordlander, G.W.
Bryant, J. Aizpurua, The morphology of narrow gaps modiﬁes the plasmonic
response, ACS Photonics 2 (2015) 295–305.
[110] R. Esteban, A. Zugarramurdi, P. Zhang, P. Nordlander, F.J. Garcia-Vidal, A.G.
Borisov, J. Aizpurua, A classical treatment of optical tunneling in plasmonic
gaps: extending the quantum corrected model to practical situations,
Faraday Discuss. 178 (2015) 151–183.
[111] F. Wen, Y. Zhang, S. Gottheim, N.S. King, Y. Zhang, P. Nordlander, N.J. Halas,
Charge transfer plasmons: optical frequency conductances and tunable
infrared resonances, ACS Nano 9 (2015) 6428–6435.
[112] U. Hohenester, Quantum corrected model for plasmonic nanoparticles: a
boundary element method implementation, Phys. Rev. B 91 (2015) 205436.
[113] J.G. Simmons, Generalized formula for the electric tunnel effect between
similar electrodes separated by a thin insulating ﬁlm, J. Appl. Phys. 34
(1963) 1793–1803.
[114] H.B. Akkerman, B. de Boer, Electrical conduction through single molecules
and self-assembled monolayers, J. Phys. Condens. Matter 20 (2008) 013001.
[115] L. Lafferentz, F. Ample, H. Yu, S. Hecht, C. Joachim, L. Grill, Conductance of a
single conjugated polymer as a continuous function of its length, Science
323 (2009) 1193–1197.
[116] L. Sepunaru, I. Pecht, M.  Sheves, D. Cahen, Solid-state electron transport
across azurin: from a temperature-independent to a temperature-activated
mechanism, J. Am.  Chem. Soc. 133 (2011) 2421–2423.
[117] H. Yan, A.J. Bergren, R.L. McCreery, M.L. Della Rocca, P. Martin, P. Lafarge, J.C.
Lacroix, Activationless charge transport across 4.5–22 nm in molecular
electronic junctions, Proc. Nat. Acad. Sci. 110 (2013) 5326–5330.
[118] N. Amdursky, D. Rchak, L. Sepunaru, I. Pecht, M.  Sheves, D. Cahen, Electronic
transport via proteins, Adv. Mater. 26 (2014) 7142–7161.
[119] K.S. Kumar, R.R. Pasula, S. Lim, C.A. Nijhuis, Long-range tunneling processes
across ferritin-based junctions, Adv. Mater. 28 (2016) 1824–1830.
[120] C.A. Nijhuis, W.F. Reus, J.R. Barber, G.M. Whitesides, Comparison of
SAM-based junctions with Ga2O3/EGaIn top electrodes to other large-area
tunneling junctions, J. Phys. Chem. C 116 (2012) 14139–14150.
[121] A.V. Akimov, A. Mukherjee, C.L. Yu, D.E. Chang, A.S. Zibrov, P.R. Hemmer, H.
Park, M.D. Lukin, Generation of single optical plasmons in metallic
nanowires coupled to quantum dots, Nature 450 (2007) 402–406.
[122] R. Kolesov, B. Grotz, G. Balasubramanian, R.J. Stöhr, A.A.L. Nicolet, P.R.
Hemmer, F. Jelezko, J. Wrachtrup, Wave-particle duality of single surface
plasmon polaritons, Nat. Phys. 5 (2009) 470–474.
[123] R.W. Heeres, L.P. Kouwenhoven, V. Zwiller, Quantum interference in
plasmonic circuits, Nat. Nanotechnol. 8 (2013) 719–722.
[124] M.S. Tame, K.R. McEnery, S.K. Özdemir, J. Lee, S.A. Maier, M.S. Kim, Quantum
plasmonics, Nat. Phys. 9 (2013) 329–340.
[125] J.S. Fakonas, H. Lee, Y.A. Kelaita, H.A. Atwater, Two-plasmon quantum
interference, Nat. Photon. 8 (2014) 317–320.
[126] P. Nordlander, C. Oubre, E. Prodan, K. Li, M.I. Stockman, Plasmon
hybridization in nanoparticle dimers, Nano Lett. 4 (2004) 899–903.
[127] I. Romero, J. Aizpurua, G.W. Bryant, F.J. García de Abajo, Plasmons in nearly
touching metallic nanoparticles: singular response in the limit of touching
dimers, Opt. Express 14 (2006) 9988–9999.
[128] F.J. García de Abajo, Nonlocal effects in the plasmons of strongly interacting
nanoparticles, dimers, and waveguides, J. Phys. Chem. C 112 (2008)
17983–17987.
[129] C. David, F.J. García de Abajo, Spatial nonlocality in the optical response of
metal nanoparticles, J. Phys. Chem. C 115 (2011) 19470–19475.
[130] C. Ciraci, R.T. Hill, Y. Urzhumov, A.I. Fernandez-Dominguez, S.A. Maier, J.B.
Pendry, A. Chilkoti, D.R. Smith, Probing the ultimate limits of plasmonic
enhancement, Science 337 (2012) 1072–1074.
[131] T.V. Teperik, P. Nordlander, J. Aizpurua, A.G. Borisov, Robust subnanometric
plasmon ruler by rescaling of the nonlocal optical response, Phys. Rev. Lett.
110 (2013) 263901.
[132] Y. Luo, A.I. Fernandez-Dominguez, A. Wiener, S.A. Maier, J.B. Pendry, Surface
plasmons and nonlocality: a simple model, Phys. Rev. Lett. 111 (2013)
093901.
[133] N.A. Mortensen, S. Raza, M.  Wubs, T. Sondergaard, S.I. Bozhevolnyi, A
generalized non-local optical response theory for plasmonic nanostructures,
Nat. Commun. 5 (2014) 3809.[134] C. David, F.J. García de Abajo, Surface plasmon dependence on the electron
density proﬁle at metal surfaces, ACS Nano 8 (2014) 9558.
[135] G. Toscano, C. Rockstuhl, F. Evers, H. Xu, N.A. Mortensen, M.  Wubs,
Resonance shifts and spill-out effects in self-consistent hydrodynamic
nanoplasmonics, Nat. Commun. 6 (2015) 7132.
d Mat
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[T. Wang, C.A. Nijhuis / Applie
136] H. Duan, A.I. Fernández-Domínguez, M.  Bosman, S.A. Maier, J.K.W. Yang,
Nanoplasmonics: classical down to the nanometer scale, Nano Lett. 12
(2012) 1683–1689.
137] K.J. Savage, M.M.  Hawkeye, R. Esteban, A.G. Borisov, J. Aizpurua, J.J.
Baumberg, Revealing the quantum regime in tunnelling plasmonics, Nature
491 (2012) 574–577.
138] J.A. Scholl, A. García-Etxarri, A.L. Koh, J.A. Dionne, Observation of quantum
tunneling between two plasmonic nanoparticles, Nano Lett. 13 (2013)
564–569.
139] H. Cha, J.H. Yoon, S. Yoon, Probing quantum plasmon coupling using gold
nanoparticle dimers with tunable interparticle distances down to the
subnanometer range, ACS Nano 8 (2014) 8554–8563.
140] S.F. Tan, L. Wu,  J.K.W. Yang, P. Bai, M.  Bosman, C.A. Nijhuis, Quantum
plasmon resonances controlled by molecular tunnel junctions, Science 343
(2014) 1496–1499.
141] F. Benz, C. Tserkezis, L.O. Herrmann, B. de Nijs, A. Sanders, D.O. Sigle, L.
Pukenas, S.D. Evans, J. Aizpurua, J.J. Baumberg, Nanooptics of
molecular-shunted plasmonic nanojunctions, Nano Lett. 15 (2015) 669–674.
142] J. Lambe, S.L. McCarthy, Light Emission from Inelastic Electron Tunneling,
Phys. Rev. Lett. 37 (1976) 923.
143] L.C. Davis, Theory of surface-plasmon excitation in metal-insulator-metal
tunnel junctions, Phys. Rev. B 16 (1976) 2482.
144] J. Kirtley, T.N. Theis, J.C. Tsang, Light emission from tunnel junctions on
gratings, Phys. Rev. B 24 (1981) 5650.
145] P. Dawson, D.G. Walmsley, H.A. Quinn, A.J.L. Ferguson, Observation and
explanation of light-emission spectra from statistically rough Cu, Ag, and Au
tunnel junctions, Phys Rev. B 30 (1984) 3164.
146] S. Ushioda, Light emission associated with tunneling phenomena, J. Lumin.
47 (1990) 131–136.
147] J. Kern, R. Kullock, J. Prangsma, M.  Emmerling, M.  Kamp, B. Hecht,
Electrically-driven optical antennas, Nat. Photon. 9 (2015) 582–586.
148] M.  Buret, A.V. Uskov, J. Dellinger, N. Cazier, M.M.  Mennemanteuil, J.
Berthelot, I.V. Smetanin, I.E. Protsenko, G. Colas-des-Francs, A. Bouhelier,
Spontaneous hot-electron light emission from electron-fed optical
antennas, Nano Lett. 15 (2015) 5811–5818.
149] M.  Parzefall, P. Bharadwaj, A. Jain, T. Taniguchi, K. Watanabe, L. Novotny,
Antenna-coupled photon emission from hexagonal boron nitride tunnel
junctions, Nat. Nanotechnol. 10 (2015) 1058–1063.
150] D.M. Koller, A. Hohenau, H. Ditlbacher, N. Galler, F. Reil, F.R. Aussenegg, A.
Leitner, E.J.W. List, J.R. Krenn, Organic plasmon-emitting diode, Nat. Photon.
2  (2008) 684–687.
151] P. Neutens, L. Lagae, G. Borghs, P.V. Dorpe, Electrical excitation of conﬁned
surface plasmon polaritons in metallic slot waveguides, Nano Lett. 10 (2010)
1429–1432.
152] P. Fan, C. Colombo, K.C.Y. Huang, P. Krogstrup, J. Nygård, A.F. i Morral, M.L.
Brongersma, An electrically-driven GaAs nanowire surface plasmon source,
Nano Lett. 12 (2012) 4943–4947.
153] K.C.Y. Huang, M.K. Seo, T. Sarmiento, Y. Huo, J.S. Harris, M.L. Brongersma,
Electrically driven subwavelength optical nanocircuits, Nat. Photon. 8
(2014) 244–249.
154] R.J. Walters, R.V.A. van Loon, I. Brunets, J. Schmitz, A. Polman, A silicon-based
electrical source of surface plasmon polaritons, Nat. Mater. 9 (2009) 21–25.
155] P. Rai, N. Hartmann, J. Berthelot, J. Arocas, G. Colas des Francs, A. Hartschuh,
A. Bouhelier, Electrical excitation of surface plasmons by an individual
carbon nanotube transistor, Phys. Rev. Lett. 111 (2013) 026804.
156] J.H. Coombs, J.K. Gimzewski, B. Reihl, J.K. Sass, R.R. Schlittler, Photon
emission experiments with the scanning tunneling microscope, J. Microsci.
152  (1988) 325–336.
157] J.K. Gimzewski, J.K. Sass, R.R. Schlittler, J. Schott, Enhanced photon emission
in  scanning tunneling microscope, Europhys. Lett. 8 (1989) 435–440.
158] R. Berndt, J.K. Gimzewski, P. Johansson, Inelastic tunneling excitation of
tip-induced plasmon modes on noble-metal surfaces, Phys. Rev. Lett. 67
(1991) 3796–3799.
159] Y. Uehara, T. Fujita, S. Ushioda, Scanning tunneling microscope light
emission spectra of Au(110)−(2 × 1) with atomic spatial resolution, Phys.
Rev. Lett. 83 (1999) 2445.
160] F. Silly, A.O. Gusev, A. Taleb, F. Charra, M.P. Pileni, Coupled plasmon modes
in an ordered hexagonal monolayer of metal nanoparticles: a direct
observation, Phys. Rev. Lett. 84 (2000) 5840.
161] G. Schull, M.  Becker, R. Berndt, Imaging conﬁned electrons with plasmonic
light, Phys. Rev. Lett. 101 (2008) 136801.
162] G. Schull, N. Néel, P. Johansson, R. Berndt, Electron–plasmon and
electron–electron interactions at a single atom contact, Phys. Rev. Lett. 102
(2009) 057401.
163] C. Chen, C.A. Bobisch, W.  Ho, Visualization of Fermi’s golden rule through
imaging of light emission from atomic silver chains, Science 325 (2009)
981–985.
164] N. Schneider, G. Schull, R. Berndt, Optical probe of quantum shot-noise
reduction at a single-atom contact, Phys. Rev. Lett. 105 (2010) 026601.
165] T. Wang, E. Boer-Duchemin, Y. Zhang, G. Comtet, G. Dujardin, Excitation of
propagating surface plasmons with a scanning tunneling microscope,
Nanotechnol. 22 (2011) 175201.
166] P. Bharadwaj, A. Bouhelier, L. Novotny, Electrical excitation of surface
plasmons, Phys. Rev. Lett. 106 (2011) 226802.
167] Y. Zhang, E. Boer-Duchemin, T. Wang, B. Rogez, G. Comtet, E. Le Moal, G.
Dujardin, A. Hohenau, C. Gruber, J.R. Krenn, Edge scattering of surfaceerials Today 3 (2016) 73–86 85
plasmons excited by scanning tunneling microscopy, Opt. Express 21 (2013)
13938–13948.
[168] E. Le Moal, S. Marguet, B. Rogez, S. Mukherjee, P. Dos Santos, E.
Boer-Duchemin, G. Comtet, G. Dujardin, An electrically excited nanoscale
light source with active angular control of the emitted light, Nano Lett. 13
(2013) 4198–4205.
[169] Z. Dong, H. Chu, D. Zhu, W.  Du, Y.A. Akimov, W.P. Goh, T. Wang, K.E.J. Goh, C.
Troadec, C.A. Nijhuis, J.K.W. Yang, Electrically-excited surface plasmon
polaritons with directionality control, ACS Photonics 2 (2015) 385–391.
[170] T. Wang, B. Rogez, G. Comtet, E. Le Moal, W.  Abidi, H.  Remita, G. Dujardin, E.
Boer-Duchemin, Scattering of electrically excited surface plasmon
polaritons by gold nanoparticles studied by optical interferometry with a
scanning tunneling microscope, Phys. Rev. B 92 (2015) 045438.
[171] K. Kaasbjerg, A. Nitzan, Theory of light emission from quantum noise in
plasmonic contacts: above-threshold emission from higher-order
electron–plasmon scattering, Phys. Rev. Lett. 114 (2015) 126803.
[172] P. Johansson, Light emission from a scanning tunneling microscope: fully
retarded calculation, Phys. Rev. B 58 (1998) 10823–10834.
[173] J. Aizpurua, S.P. Apell, R. Berndt, Role of tip shape in light emission from the
scanning tunneling microscope, Phys. Rev. B 62 (2000) 2065–2073.
[174] X.H. Qiu, G.V. Nazin, W.  Ho, Vibrationally resolved ﬂuorescence excited with
submolecular precision, Science 299 (2003) 542–546.
[175] Z.C. Dong, X.L. Guo, A.S. Trifonov, P.S. Dorozhkin, K. Miki, K. Kimura, S.
Yokoyama, S. Mashiko, Vibrationally resolved ﬂuorescence from organic
molecules near metal surfaces in a scanning tunneling microscope, Phys.
Rev. Lett. 92 (2004) 086801.
[176] Z.C. Dong, X.L. Zhang, H.Y. Gao, Y. Luo, C. Zhang, L.G. Chen, R. Zhang, X. Tao, Y.
Zhang, J.L. Yang, J.G. Hou, Generation of molecular hot electroluminescence
by  resonant nanocavity plasmons, Nat. Photon. 4 (2010) 50–54.
[177] C. Chen, P. Chu, C.A. Bobisch, D. Mills, W.  Ho, Viewing the interior of a single
molecule: vibronically resolved photon imaging at sub-Angstrom
resolution, Phys. Rev. Lett. 105 (2010) 217402.
[178] Frédéric Rossel, Marina Pivetta, Wolf-Dieter Schneider, Luminescence
experiments on supported molecules with the scanning tunneling
microscope, Surf. Sci. Rep. 65 (2010) 129–144.
[179] N.L. Schneider, J.T. Lü, M.  Brandbyge, R. Berndt, Light emission probing
quantum shot noise and charge ﬂuctuations at a biased molecular junction,
Phys. Rev. Lett. 109 (2012) 186601.
[180] F. Geng, Y. Zhang, Y. Yu, Y. Kuang, Y. Liao, Z. Dong, J. Hou, Modulation of
nanocavity plasmonic emission by local molecular states of C60 on Au(111),
Opt. Express 20 (2012) 26725–26735.
[181] S.E. Zhu, Y.M. Kuang, F. Geng, J.Z. Zhu, C.Z. Wang, Y.J. Yu, Y. Luo, Y. Xiao, K.Q.
Liu, Q.S. Meng, L. Zhang, S. Jiang, Y. Zhang, G.W. Wang, Z.C. Dong, J.G. Hou,
Self-decoupled porphyrin with a tripodal anchor for molecular-scale
electroluminescence, J. Am. Chem. Soc. 135 (2013) 15794–15800.
[182] G. Reecht, F. Scheurer, V. Speisser, Y.J. Dappe, F. Mathevet, G. Schull,
Electroluminescence of a polythiophene molecular wire suspended
between a metallic surface and the tip of a scanning tunneling microscope,
Phys. Rev. Lett. 112 (2014) 047403.
[183] T. Lutz, C. Große, C. Dette, A. Kabakchiev, F. Schramm, M.  Ruben, R. Gutzler,
K.  Kuhnke, U. Schlickum, K. Kern, Molecular orbital gates for plasmon
excitation, Nano Lett. 13 (2013) 2846–2850.
[184] D. Shaﬁr, H. Soifer, B.D. Bruner, M. Dagan, Y. Mairesse, S. Patchkovskii, M.Y.
Ivanov, O. Smirnova, N. Dudovich, Resolving the time when an electron exits
a tunneling barrier, Nature 485 (2012) 343–346.
[185] W.  Du, T. Wang, H.S. Chu, L. Wu,  R. Liu, S. Sun, W.K. Phua, L. Wang, N.
Tomczak, C.A. Nijhuis, Molecular electronic plasmon sources, Nat. Photon.
(2016), http://dx.doi.org/10.1038/NPHOTON.2016.43.
[186] P.G. Slate, Electrical Contacts: Principles and Applications, CRC Press, New
York, 1999.
[187] F.C. Simeone, H.J. Yoon, M.M.  Thuo, J.R. Barber, B. Smith, G.M. Whitesides,
Deﬁning the value of injection current and effective electrical contact area
for  egain-based molecular tunneling junctions, J. Am. Chem. Soc. 135 (2013)
18131–18144.
[188] C.S.S. Suchand, A. Wan, C.A. Nijhuis, The equivalent circuits of a
self-assembled monolayer based tunnel junction determined by impedance
spectroscopy, J. Am.  Chem. Soc. 136 (2014) 11134–11144.
[189] P.K. Tien, J.P. Gordon, Multiphoton process observed in the interaction of
microwave ﬁelds with the tunneling between superconductor ﬁlms, Phys.
Rev. 129 (1963) 647–651.
[190] J.R. Tucker, Quantum limited detection in tunnel junction mixers, IEEE J.
Quantum Electron. 15 (1979) 1234–1258.
[191] H. Ditlbacher, F.R. Aussenegg, J.R. Krenn, B. Lamprecht, G. Jakopic, G. Leising,
Organic diodes as monolithically integrated surface plasmon polariton
detectors, Appl. Phys. Lett. 89 (2006) 161101.
[192] A.L. Falk, F.H.L. Koppens, C.L. Yu, K. Kang, N. de Leon Snapp, A.V. Akimov,
M.H. Jo, M.D. Lukin, H.K. Park, Near-ﬁeld electrical detection of optical
plasmons and single-plasmon sources, Nat. Phys. 5 (2009) 475–479.
[193] P. Neutens, P. Van Dorpe, I. De Vlaminck, L. Lagae, G. Borghs, Electrical
detection of conﬁned gap plasmons in metal-insulator-metal waveguides,
Nat. Photon. 3 (2009) 283–286.[194] R.W. Heeres, S.N. Dorenbos, B. Koene, G.S. Solomon, L.P. Kouwenhoven, V.
Zwiller, On-chip single plasmon detection, Nano Lett. 10 (2009) 661–664.
[195] A. Akbari, R.N. Tait, P. Berini, Surface plasmon waveguide Schottky detector,
Opt. Express 18 (2010) 8505–8514.
8 d Mat6 T. Wang, C.A. Nijhuis / Applie
[196] T. Dufaux, J. Dorfmüller, R. Vogelgesang, M.  Burghard, K. Kern, Surface
plasmon coupling to nanoscale Schottky-type electrical detectors, Appl.
Phys. Lett. 97 (2010) 161110.
[197] J.-C. Weeber, K. Hassan, A. Bouhelier, G. Colas-des-Francs, J. Arocas, L.
Markey, A. Dereux, Thermo-electric detection of waveguided surface
plasmon propagation, Appl. Phys. Lett. 99 (2011) 031113.
[198] K.M. Goodfellow, C. Chakraborty, R. Beams, L. Novotny, A.N. Vamivakas,
Direct on-chip optical plasmon detection with an atomically thin
semiconductor, Nano Lett. 15 (2015) 5477–5481.
[199] G. Noy, A. Ophir, Y. Selzer, Response of molecular junctions to surface
plasmon polaritons, Angew. Chem. Int. Ed. 49 (2010) 5734–5736.
[200] R. Arielly, A. Ofarim, G. Noy, Yoram Selzer, Accurate determination of
plasmonic ﬁelds in molecular junctions by current rectiﬁcation at optical
frequencies, Nano Lett. 11 (2011) 2968–2972.
[201] M.  Vadai, N. Nachman, M.  Ben-Zion, M.  Bu¨rkle, F. Pauly, J.C. Cuevas, Y. Selzer,
Plasmon-induced conductance enhancement in single-molecule junctions, J.
Phys. Chem. Lett. 4 (2013) 2811–2816.
[202] R.A. Wassel, R.R. Fuierer, N. Kim, C.B. Gorman, Stochastic variation in
conductance on the nanometer scale: a general phenomenon, Nano Lett. 3
(2003) 1617–1620.erials Today 3 (2016) 73–86
[203] M.  Galperin, M.A. Ratner, A. Nitzan, Molecular transport junctions:
vibrational effects, J. Phys. Condens. Matter 19 (2007) 103201.
[204] H. Wu,  K. Sotthewes, A. Kumar, G.J. Vancso, P.M. Schön, H.J.W. Zandvliet,
Dynamics of decanethiol self-assembled monolayers on Au(111) studied by
time-resolved scanning tunneling microscopy, Langmuir 29 (2013)
2250–2257.
[205] D. Kockmann, B. Poelsema, H.J.W. Zandvliet, Transport through a single
octanethiol molecule, Nano Lett. 9 (2009) 1147–1151.
[206] V. Mujica, A.E. Roitberg, M.  Ratner, Molecular wire conductance:
Electrostatic potential spatial proﬁle, J. Chem. Phys. 112 (2000) 6834.
[207] S. Pleutin, H. Grabert, G.L. Ingold, A. Nitzan, The electrostatic potential
proﬁle along a biased molecular wire: a model quantum-mechanical
calculation, J. Chem. Phys. 118 (2003) 3756–3763.
[208] Hossam Haick, David Cahen, Contacting organic molecules by soft methods:
towards molecule-based electronic devices, Acc. Chem. Res. 41 (2008)
359–366.[209] G. Wang, T.W. Kim, T.H. Lee, Electrical transport characteristics through
molecular layers, J. Mater. Chem. 21 (2011) 18117.
[210] R.L. McCreery, H. Yan, A.J. Bergren, A critical perspective on molecular
electronic junctions: there is plenty of room in the middle, Phys. Chem.
Chem. Phys. 15 (2013) 1065–1081.
